INTRODUCTION {#sec1-1}
============

Liver diseases are one of the major causes of mortality and morbidity worldwide.\[[@ref1]\] Drug-induced liver toxicity is a major cause of hepatic dysfunction.\[[@ref1]\] An estimated 1000 drugs have been implicated in causing liver injury, and it is the most frequent reason for withdrawing approved drugs from the market. It accounts for 50% of the cases of acute liver failure. Drug-induced liver failure can mimic all forms of naturally occurring acute and chronic hepatobiliary diseases.\[[@ref1][@ref2]\]

Oxidative stress is considered as a mechanism in contributing to the initiation and progression of hepatic damage in a variety of liver disorders. Cell damage occurs when there is an excess of reactive species derived from oxygen and nitrogen or deficiency of antioxidants.\[[@ref2][@ref3]\]

Antioxidants obtained from plants represent a logical therapeutic strategy for treatment of liver diseases. There are many plant derived chemicals with potent antioxidant properties which can serve as primary compounds for development as hepatoprotective drugs.\[[@ref3][@ref4]\] Picroliv is a standardized iridoid glycoside mixture isolated from the roots and rhizomes of the plant *Picrorrhiza kurroa*. It contains at least 60% of a 1:1.5 mixture of picroside I and kutkoside; the remainder (40%) is a mixture of iridoid as well as cucurbitacin glycosides. Picroliv was reported to possess hepatoprotective activities by their anti-lipid peroxidative and free radical scavenging properties.\[[@ref5]\] Curcumin is the major biologically active phenolic compound from *Curcuma longa* with strong antioxidant, anti-inflammatory, and hepatoprotective activities.\[[@ref3]\] Ellagic acid is a polyphenolic compound found in grapes, strawberries, black currants, and raspberries, which have potent antioxidant property. Ellagic acid has been reported to reduce the production of hydroxyproline and fibrous connective tissue formation indicating its antifibrotic activity.\[[@ref6]\] Ellagic acid also slowed down the conversion of hepatic stellate cells (HSC) into their activated forms, which produce extracellular matrix and result in liver fibrosis.\[[@ref6]\] Although individual reports are available on the hepatoprotective activities of picroliv, curcumin, and ellagic acid, their relative efficacy is unknown. This study will enable us to select the most effective lead compound for further development as hepatoprotective drugs. Silymarin, a flavonolignan obtained from *Silybum marianum*, the most researched hepatoprotective agent, is used as the comparator drug.\[[@ref4]\]

Oxidative stress caused by the highly reactive metabolite produces depletion of glutathione, and through nuclear factor-kappa B (NF-κB) induced proinflammatory cytokines and chemokines, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS). Inflammatory liver injury is caused by tumor necrosis factor alpha (TNF-α), interleukin-12 (IL-12), monocyte chemotactic protein-1 (MCP-1), and macrophage inflammatory protein-2 (MIP-2). TNF-α in turn leads to apoptosis and cell death.\[[@ref7]\] It is reported that ellagic acid can inhibit NADPH oxidase-induced overproduction of superoxide, suppress the release of nitric oxide by down-regulating iNOS, enhance cellular antioxidant defences, and attenuate oxidized LDL-induced lipoxygenase-1 up-regulation and endothelial nitric oxide synthase down-regulation.\[[@ref8]\] Therefore, it is speculated that phytochemicals such as curcumin, ellagic acid, and picroliv can act at one or several sites of these cascade of events.\[[@ref9]\]

In this study, we have attempted to evaluate the hepatoprotective activity of picroliv, curcumin, and ellagic acid in comparison to silymarin, in carbon tetrachloride (CCl~4~) induced acute liver toxicity in mice. We also aimed to study whether the antioxidant properties of these phytochemicals have a role in their hepatoprotective actions.

MATERIALS AND METHODS {#sec1-2}
=====================

Drugs and chemicals {#sec2-1}
-------------------

All the chemicals and reagents used for this study were of analytical grade. Silymarin was purchased from Microlabs (Pondicherry, India), curcumin from Sigma (St. Louis, MO, USA), ellagic acid from Fluka (USA), and picroliv were kindly gifted by Dr. S. Singh, CDRI, Lucknow, India. CCl~4~ was obtained from Merck Ltd (Mumbai, India).

Animals {#sec2-2}
-------

Swiss albino mice (20--30 g) of either sex, bred in Central Animal House, JIPMER, Pondicherry, were used for the study. The animals were allowed standard food pellets (Hindustan Lever Ltd., Mumbai) and water *ad libitum* and were maintained in standard laboratory conditions (12 h:12 h dark and light cycle and 25±2 °C temperature). The study was approved by 'The Institute Animal Ethics Committee', JIPMER, Pondicherry and was done according to the ethical guidelines laid down by Committee for the Purpose of Control and Supervision of Experiment on Animals.

Treatment groups {#sec2-3}
----------------

The animals were divided into 30 groups (*n* = 6/group) with 10 groups for biochemical (estimation of serum levels of liver enzymes, namely alanine transaminase (ALT), aspartate transaminase (AST), and alkaline phosphatase (ALP)) and histopathological parameters, 10 groups for pharmacological parameters (phenobarbitone-induced sleeping time) and another 10 for oxidative stress parameters (malondialdehyde (MDA), reduced glutathione (GSH), and catalase).

Group 1: Animals received distilled water for 7 days and served as normal control.

Group 2: The animals in this group received distilled water as in the previous group and given CCl~4~, 1 ml/kg body weight diluted with arachis oil at 1: 1 ratio, s.c., once on day 8.

Groups 3--6: Four phytochemicals, picroliv, curcumin, ellagic acid, and silymarin were administered once daily for 7 days p.o. (50 mg/kg body weight/day) followed by a single s.c. dose of CCl~4~ (1 ml/kg body weight) on day 8.

Groups 7--10: A double dose pretreatment (p.o. 100 mg/kg body weight/day) with the phytochemicals were administered like the previous groups (3--6) followed by a single s.c. dose of CCl~4~ (1 ml/kg body weight) on day 8.

Groups 11--20: As stated earlier, 10 groups of animals were used for phenobarbitone-induced sleeping time.

Groups 21--30: Another 10 groups of animals were used for the study of oxidative stress parameters as stated earlier.

The dose of the hepatoprotective drugs were chosen according to the previous studies and the responses shown by these drugs in our study.\[[@ref10]--[@ref12]\] It was observed that the protection was improved further by increasing the dose to twice (100 mg/kg). Therefore, we chose the 50 and 100 mg/ kg BW dose of phytochemicals for our study. We used the same dose for all the four phytochemicals, so as to make the comparison easy.

Estimation of biochemical and histopathological parameters {#sec2-4}
----------------------------------------------------------

After 24 h of CCl~4~ administration, animals were anesthetized using ether and 1 ml of blood was collected by cardiac puncture. The blood was allowed to clot and centrifuged (Remi, Mumbai) at 350 *g* for 10 min. The serum was separated and used for assay of ALT, AST, and ALP by standard methods using enzyme assay kits (Span Diagnostics Limited, India) adapted to Microlab 200 semi-auto analyzer (E. Merck, Germany).\[[@ref13][@ref14]\] The animals were killed by cervical dislocation and livers excised, washed in phosphate buffer and dried using a tissue paper. The liver was weighed by using electronic balance (Sartorius, Germany) and transferred to a 10% formalin fixative solution for 48 h. The liver tissues were processed for paraffin embedding and sections of 5 μm thickness were taken in a microtome. After staining with hematoxylin and eosin, slides were examined under a microscope (Olympus, Japan) at 100 × magnification for histopathological changes.

Phenobarbitone-induced sleeping time {#sec2-5}
------------------------------------

After 24 h of CCl~4~ administration, phenobarbitone was administered at a dose of 40 mg/kg body weight i.p., and sleeping time was recorded in minutes from onset of sleep to its natural arousal, i.e. loss of righting reflex to its recovery.\[[@ref15]\] We modified the method by using phenobarbitone instead of pentobarbitone.

Estimation of MDA, GSH, and catalase in liver tissue {#sec2-6}
----------------------------------------------------

After 24 h of CCl~4~ injection, the liver tissues were removed and immediately transferred into cold phosphate buffer, blotted free of blood and tissue fluids and then weighed on an electronic balance. The tissues were chopped into small pieces with scissors and homogenized in ice-cold phosphate buffer (pH 8) at a concentration of 15% (weight by volume). They were then centrifuged in cooling centrifuge (Hettich Zentrifugen, Germany) at 960 g for 5 min. The supernatant was separated and further centrifuged at 7840 g for 45 min at 4°C. The final clear supernatant was used for evaluation of MDA, GSH, and catalase by standard methods.\[[@ref16]--[@ref18]\]

Estimation of proteins {#sec2-7}
----------------------

Proteins in the liver tissue homogenate were estimated by the method of Lowry.\[[@ref19]\]

Statistical analysis {#sec2-8}
--------------------

Results were expressed as mean ± SEM. The data were analyzed by one way analysis of variance followed by the Student--Newman--Keuls test using Graphpad Instat version 3.06. A *P* value of less than 0.05 was considered as statistically significant.

RESULTS {#sec1-3}
=======

The hepatic injury induced by CCl~4~ (1 ml/kg, s.c.) resulted in an increase in serum ALT, AST, and ALP levels as compared to the normal control group \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\]. The pretreatment with picroliv, curcumin, and ellagic acid (50 and 100 mg/kg) significantly reduced serum transaminase levels as compared to the CCl~4~-treated group. This observation was comparable to that of the standard drug, silymarin.

![The effect of pretreatment with picroliv, curcumin, and ellagic acid (50 mg/kg/day for 7 days) on serum levels of liver enzymes of mice in carbon tetrachloride (CCl~4~) induced hepatotoxicity. The values are expressed as mean± SEM (*n*=6 mice/group). \**P*\<0.001 compared to the normal control (NC) group, \*\**P*\<0.001 compared to the CCl~4~ group, by one-way ANOVA followed by Student--Newman--Keuls test as the *post hoc* test. ALT: Alanine transaminase; AST: Aspartate transaminase; ALP: Alkaline phosphatase; CCL: Carbon tetrachloride; Sily: Silymarin; Pic: Picroliv; Cur: Curcumin; EA: Ellagic acid](JPP-3-149-g001){#F1}

![The effect of pretreatment with picroliv, curcumin, and ellagic acid (100 mg/kg/day for 7 days) on serum levels of liver enzymes of mice in carbon tetrachloride (CCl~4~) induced hepatotoxicity. The values are expressed as mean± SEM (*n* = 6 mice/group). \**P*\<0.001 compared to the normal control (NC) group, \*\**P*\<0.001 compared to the CCl~4~ group, by one-way ANOVA followed by the Student--Newman--Keuls test as post hoc test. ALT: Alanine transaminase; AST: Aspartate transaminase; ALP: Alkaline phosphatase; CCL: Carbon tetrachloride; Sily: Silymarin; Pic: Picroliv; Cur: Curcumin; EA: Ellagic acid](JPP-3-149-g002){#F2}

The administration of phenobarbitone in CCl~4~-treated animals caused an enhancement in the mean duration of sleeping time as compared to that of normal control. Pretreatment with hepatoprotective phytochemicals (50 mg/kg) reduced and restored the phenobarbitone-induced sleeping time in CCl~4~-induced hepatotoxicity except in the curcumin pretreatment group \[[Table 1](#T1){ref-type="table"}\]. When a dose was increased to 100 mg/kg, all the active phytochemicals significantly reduced and restored the prolonged sleeping time. The dose-dependent effect of curcumin was also observed at higher doses.

###### 

The effect of pretreatment with picroliv, curcumin, and ellagic acid on phenobarbitoneinduced sleeping time and the liver weight of mice in carbon tetrachloride (CCl~4~) induced hepatotoxicity

![](JPP-3-149-g003)

CCl~4~-induced hepatotoxicity resulted in oxidative stress and lipid peroxidation. This was reflected by an increase in the MDA levels from that of normal control \[Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}\]. The pretreatment with the phytochemicals (50 and 100 mg/kg) effectively restored the elevated levels of MDA, which was comparable to silymarin. The GSH and catalase concentrations were significantly reduced with the administration of CCl~4~ \[Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}\]. A significant increase in GSH levels was observed with 50 and 100 mg/kg dose of picroliv, curcumin, ellagic acid, and silymarin pretreatment. The catalase activity was improved only at 100 mg/kg/day dose of the phytochemicals.

###### 

The effect of pretreatment with picroliv, curcumin, and ellagic acid at 50mg/kg/day for 7 days on oxidative stress parameters of mice in carbon tetrachloride (CCl~4~) induced hepatotoxicity

![](JPP-3-149-g004)

###### 

The effect of pretreatment with picroliv, curcumin, and ellagic acid at 100 mg/kg/day for 7 days on oxidative stress parameters of mice in carbon tetrachloride (CCl~4~) induced hepatotoxicity

![](JPP-3-149-g005)

With CCl~4~ treatment, there was no significant difference in the mean (±SEM) liver weight in mice with that of normal control \[[Table 1](#T1){ref-type="table"}\]. The pretreatment with phytochemicals (50 mg/kg) resulted in an increase in the mean liver weights of the silymarin, curcumin, and ellagic acid treated groups as compared to normal control as well as that of CCl~4~ groups. A similar increase in liver weight was observed at the 100 mg/ kg dose level only with picroliv and ellagic acid. However, at both dose levels studied, ellagic acid produced the maximum gain in liver weight.

The normal control group animals showed the typical architecture of liver tissue with a central vein (CV) and chords of hepatocytes radiating \[[Figure 3a](#F3){ref-type="fig"}\]. CCl~4~ treatment produced extensive necrosis of hepatocytes which was more pronounced in the centrizonal (zone 3) area. The fatty changes were of macrovesicular type which was evident in centrizonal and portal areas with inflammatory reactions \[[Figure 3b](#F3){ref-type="fig"}\]. Pretreatment with low dose of phytochemicals (50 mg/kg) showed partial hepatic protection with reduction in the extent of hepatic necrotic areas, fatty infiltration, and mild portal inflammation \[Figures [3c](#F3){ref-type="fig"}--[f](#F3){ref-type="fig"}\]. When administered with higher doses (100 mg/kg), picroliv, curcumin, and ellagic acid completely protected the liver as evidenced by restoration of a normal histoarchitecture of the liver similar to the silymarin pretreatment group \[Figures [3g](#F3){ref-type="fig"}--[j](#F3){ref-type="fig"}\].

![Effect of pretreatment with different active phytoconstituents on light micrographic changes of liver after carbon tetrachloride induced hepatotoxicity. (a) The liver section of normal control mouse showing CV with radiating hepatocytes and portal triad (H and E, ×40). (b) Carbon tetrachloride-treated mouse liver section showing centrizonal necrotic areas and fatty degeneration (H and E, ×100). Pretreatment with 50 mg/kg/day of (c) picroliv, (d) curcumin, (e) ellagic acid, and (f) silymarin in carbon-tetrachloride-induced hepatotoxicity showing partial protection of liver with amelioration of necrosis with mild fatty changes (H and E, ×100). Pretreatment with 100 mg/kg of (g) picroliv, (h) curcumin, (i) ellagic acid, and (j) silymarin in carbon tetrachloride induced hepatotoxicity showing normalization of hepatic architecture without any necrotic changes (H and E, ×100)](JPP-3-149-g006){#F3}

DISCUSSION {#sec1-4}
==========

In this study, hepatoprotective and antioxidant activities of picroliv, curcumin, and ellagic acid were compared with silymarin in the mice model of CCl~4~ induced liver toxicity. To the best of our knowledge, this is the first study to directly compare four known antioxidants in the setting of acute severe liver injury-induced by CCl~4~. In the dose ranges studied by us, the hepatoprotection offered by the phytochemicals was profound; however, the precise mechanisms of action of these drugs are still unclear.

CCl~4~ is a well known hepatotoxin which is widely used to induce toxic liver injury and to study the cellular mechanisms behind oxidative damage in laboratory animals.\[[@ref20]\] CCl~4~ needs metabolic activation by mixed function oxidases to produce the hepatotoxicity. It is activated by cytochrome P 450 2E1 (CYP2E1), CYP2B1 or CYP2B2 and possibly by CYP3A to form the trichloromethyl radical (CCl~3~^●^). This toxic free radical reacts with various biologically important substances such as amino acids, nucleotides, and fatty acids as well as proteins, nucleic acids, and lipids. The impairment of lipid metabolism can result in steatosis. Formation of DNA-CCl~3~^●^ adducts is considered as the initial step in hepatic cancer. The radical can also react with oxygen to form CCl~3~OO^●^, a highly reactive species. CCl~3~OO^●^ initiates a chain reaction of lipid peroxidation which attacks and destroys poly-unsaturated fatty acid, in particular those associated with phospholipids. This affects the permeability of mitochondrial endoplasmic reticulum and plasma membrane resulting in the loss of Ca^2+^ sequestration and homeostasis. This can heavily contribute to the cellular damage.\[[@ref20][@ref21]\]

The oxidative injury caused by CCl~4~ disrupted the hepatocellular plasma membrane and the enzymes normally present in the cytosol were released into the blood stream.\[[@ref22]\] ALP is excreted normally in bile. The liver injury due to toxins could result in defective excretion of bile by hepatocytes which were reflected in their increase in levels in serum.\[[@ref22]\] In the CCl~4~ group animals, pretreatment with picroliv, curcumin, and ellagic acid restored serum transaminase values to normal levels, showing the hepatoprotective activity. The protective effects may be the result of stabilization of plasma membrane thereby preserving the structural integrity of cells as well as the repair of hepatic tissue damage caused by CCl~4~.\[[@ref23]\]

The CCl~4~ induced hepatic injury decreased the activity of cytochrome P450 enzymes and thereby the metabolic functional activity of the hepatocytes. This caused delay in the barbiturate metabolism and slowed down the excretion of phenobarbitone, thereby prolonging the sleeping time. Pretreatment with hepatoprotective phytochemicals restored the phenobarbitone-induced sleeping time in a dose-related fashion. This is an indicator of normalization of cytochrome P450 and related hepatic mixed function oxidase enzymes system.\[[@ref24]\] Moreover, curcumin was reported to protect against CCl~4~-induced hepatic cytochrome P450 enzyme inactivation *via* its antioxidant properties.\[[@ref25]\] The results were similar to the groups which received silymarin which has been reported to inhibit human microsomal cytochrome P450 activities.\[[@ref26]\]

The increased levels of MDA in liver tissue homogenate of mice treated with CCl~4~ reflected lipid peroxidation and damage to plasma membrane, as a consequence of oxidative stress. Picroliv, curcumin, and ellagic acid restored these values toward normal indicating their anti-lipid peroxidative properties. Picroliv acted as an oxygen-free radical scavenger that limits lipid peroxidation involved in membrane damage elicited by hepatotoxins.\[[@ref27]\] Curcumin by scavenging or neutralizing free radicals, interacting with oxidative cascade, quenching oxygen, inhibiting oxidative enzymes like cytochrome P450, and by chelating metal ions, maintained cell membrane integrity and their functions. Further, curcumin may stabilize the cell membrane and significantly reduce the extent of lipid peroxidation in the liver, lung, and kidney.\[[@ref27]\]

The tripeptide thiol, GSH, is the most important of the sulfur-containing nonenzymatic antioxidant molecules. GSH can also conjugate with free radicals directly, earmarking them for renal excretion, which is especially important for dealing with the products of hepatic cytochrome P450 enzyme activity. The sulfhydryl (--SH) portion of the GSH can be used to reduce a variety of free radicals in a reaction catalyzed by the antioxidant enzyme, glutathione peroxidase.\[[@ref28]\] Catalase, an antioxidant enzyme that protects cell from oxidative stress of hydrogen peroxide, is induced on the generation of free radicals in cells. Catalase acts as a preventative antioxidant and plays an important role in protection against the deleterious effects of lipid peroxidation.\[[@ref28][@ref29]\]

The reduction in concentrations of GSH and catalase observed in this study may be related to the excessive production of free radicals generated by the metabolism of CCl~4~. The antioxidant enzymes are inactivated or exhausted by lipid peroxides and/or reactive oxygen species which result in decreased activities of these enzymes in CCl~4~ toxicity. An increase in GSH levels observed with 50 mg/kg dose of silymarin pretreatment was in agreement with the previous study.\[[@ref30]\] There was normalization of both GSH and catalase levels with picroliv, curcumin, and ellagic acid at 100 mg/kg dose. Picroliv has been reported to prevent the depletion of reduced glutathione which is needed for the glutathione-S-transferase for detoxification reaction and rise in levels of lipid peroxides in the liver.\[[@ref27]\] Curcumin can lower lipid peroxidation by maintaining the activation of antioxidant enzymes like superoxide dismutase, catalase, and glutathione peroxidase at higher levels. Curcumin and ellagic acid are capable of scavenging oxygen free radicals such as superoxide anions and hydroxyl radicals which are important in the initiation of lipid peroxidation.\[[@ref3][@ref11]\] Ellagic acid has the capacity to regulate intimate intracellular mechanisms by direct interaction with double stranded DNA.\[[@ref31]\] It can also act on drug metabolizing enzymes and prevent the formation of toxic metabolites.\[[@ref32]\] Thus, the increased levels of GSH and catalase with the treatment of phytochemicals may be involved in the protective mechanism against liver toxicity produced by CCl~4~.

The structural activity of the phytochemicals revealed that the antioxidant potential of picroliv could be related to electrophilic free radical scavenging nature of its iridoid glycosides, whereas curcumin contains the phenolic group which is important for its antioxidant activity.\[[@ref7][@ref33]\] It has been reported that two lactone groups of ellagic acid can act as a hydrogen bond donor or acceptor, which might be involved in the free radical scavenging action and decreased free radicals mediated lipid peroxidation.\[[@ref33]\]

The pretreatment with the active phytochemicals resulted in an increase in liver weight as compared to normal control and CCl~4~-treated groups. This may be due to the promotion of the assembly of ribosomes on endoplasmic reticulum to facilitate protein synthesis and regenerative activity.\[[@ref34]\] This effect was more with the ellagic acid pretreatment at both the dose levels (50 and 100 mg/kg).

Histopathological profile of the liver of CCl~4~-treated mice showed zone 3 necrosis and fatty degeneration with infiltration of inflammatory mediators. The animals treated with active phytochemicals (50 mg/kg) showed a significant improvement of CCl~4~-induced liver injury evident from the presence of normal hepatic cords, the absence of necrosis, and a lesser degree of fatty infiltration. At the dose of 100 mg/kg, the liver architecture was near normal with only mild fatty changes. These observations were well correlated with the biochemical findings and gives clear evidence that there was not only improvement in the liver functions with the treatment of phytochemicals, but also in the hepatic architecture.

CONCLUSIONS {#sec1-5}
===========

In this study, the phytochemicals picroliv, curcumin, and ellagic acid showed hepatoprotective activities comparable to silymarin in CCl~4~-induced hepatotoxicity in mice. The protective action was improved further by doubling the dose of the phytochemicals. Apart from the anti-lipidperoxidative and antioxidant actions, these active phytochemicals might have played a role in restoring the cytochrome P450 enzyme system or promoted the liver regenerative activity. In future, the derivatives of these phytochemicals or their combinations may show efficacy in various experimental toxic models. They may be developed as future drugs for use in human liver diseases with antioxidant, antifibrotic, immunomodulatory, antiviral, and regenerative properties.
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